Introduction
Various kinds of performances of steel, especially mechanical performances, are closely related to the microstructure of steel. A fine-grained microstructure yields the optimum combination of strength and toughness of steel. 1) In order to obtain fine alpha ferrite microstructure, the following technologies have been widely considered and applied before or during austenite/ferrite transformation process 2) : high cooling rate, fine prior austenite grain size, work hardening (especially induced by ThermoMechanical Control Process (TMCP) technology), and utilization of inclusion to assist Intra-Granular Ferrite (IGF) formation.
The phenomenon that inclusion could assist the nucleation of IGF firstly seems to attract the interesting from researcher of welding metallurgy since 1980's. 3, 4) TMCP technology could not be applied to control the microstructure of weldments during welding, but the weldments should normally exhibit at least similar properties to the base steel if failure in service is to be avoided. Recently the growing using of high tensile strength materials and high heat input welding technology also means that control of fused weld metal and Heat-Affected Zone (HAZ) microstructures become increasingly more critical in achieving good properties. 5) Such technology, refining the microstructure by utilization of inclusion to assist IGF nucleation, has also caused wide interesting out of welding, for example, in process of manufacturing hot forged steel, heavy or thick steel plate and so on. [6] [7] [8] Unfortunately, although people have conducted a lot of work on that technology, the exact mechanisms of it have not been clarified yet. [9] [10] [11] [12] On the other hand, it is also important to refine the ascast microstructure during strip casting and thin slab casting process in which the possibility of refining microstructure by rolling or TMCP technology decreases. In the present paper, the possibility to nucleate intra-granular acicular ferrite by sulfide inclusion in steel without special alloy elements during rapid solidification process has been investigated and the possible mechanisms are also discussed. Table 1 shows the chemical composition of the present steel. After 10 kg electrolytic iron is melted in induction furnace at 1 873 K at air atmosphere, the normal alloying elements (C, Cu, Si, Mn, S) are added into the melted iron. A copper mould covered with refractory paper as shown in Fig. 1 is quickly dipped into the molten steel and a sample with size of 3ϫ30ϫ60 mm is obtained.
Experimental Procedures
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croscopy (SEM) and Transmission Electron Microscopy (TEM). Specimens are etched by a saturated aqueous solution of picric acid to reveal dendrite structure and by 3 vol% nitric acid (Nital) to reveal ferrite structure as well as prior austenite grain boundary. Specimens for SEM observation are also etched by Nital and the observation is performed on a LEO 1550 SEM with high-resolution. Carbon extraction replicas are prepared for TEM observation. The replicas are floated on Al, Ti, Mo or Nylon grids and a carbon specimen holder is used to avoid the possible detection of copper from the grid and the specimen holder. The TEM observation is performed with a Hitachi 800 microscope operated at 200 kV and coupled to an Energy Dispersive XRay Spectroscopy (EDS).
Experimental Results

Dendrite Structure and Prior Austenite Structure
The cooling rate and the size of the prior austenite structure may have great effect on the transformation process from austenite to alpha ferrite. Figure 2 shows the dendrite structure in the longitudinal section of the sample. Dendrites are well developed almost throughout the thickness. Equiaxed crystal is seldom observed even in the central region of the sample.
The secondary dendrite arm spacing, d II , is about (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) mm in the sample. The cooling rate on solidification of the present sample could be estimated as about ϳ300 K/s based on the following equation, 13) where R is the cooling rate on the solidification in K/s.
The measurement of cooling rate after solidification of the present sample was not successful but it might be estimated from Fig. 3 , which shows the measured temperature curve during sampling for a steel with composition of 0.12%C-0.018%Si-0.47%Mn-0.013%P-0.018%S-0.22% Cu. Only the temperature profile below 1 573 K is recorded due to the delayed reaction of thermal couple. According to Fig. 3 , the mean cooling rate is about 83 K/s from 1 463 to 963 K. The g/a transformation occurs at about 923 K in that sample. After the g/a transformation the mean cooling rate is about 14 K/s from 873 to 573 K.
If we estimate the equilibrium phase transformation temperature by the following equation, 14) the undercooling degrees of the g/a phase transformation is about 181 K for that sample. Figures 6 and 7 show the SEM images of acicular ferrite structure and the EDS analysis results of inclusions in the sample. Both oxide inclusion and sulfide inclusion are popularly observed in the sample. The oxide inclusion usually has high concentration of silicon. Very few oxide inclusions are observed at the intersecting point of acicular ferrites, which means these oxide inclusions have no obvious role in nucleating acicular ferrite in present sample. The EDS spectra show that the inclusion at the intersecting point of acicular ferrites usually has high concentration of sulfur, and low concentration of manganese and copper, which means that the main composition of the sulfide is not MnS. Figure 8 shows the size distribution of the sulfide taking statistics based on the SEM images. The diameter of sulfide inclusions is among 0.6-2.2 mm and its mean value is about 1.33 mm.
Second Phase Particles Analyzed by TEM
SEM images and EDS analysis are good for clarifying the interrelation between acicular ferrite and inclusion, for example it is clear that sulfide inclusion, not oxide inclusion, nucleates the acicular ferrite in present sample. But the EDS spectra obtained by SEM unavoidably include the peaks from matrix. Extraction replica specimen for TEM is then used for the further analysis of the inclusions.
Oxide Inclusion
Two kinds of oxide are observed in sample by TEM, as shown in Fig. 9 . One is manganese-iron silicate oxide; another is almost pure silicon oxide. Although the Mn-FeSi-O oxide is thought to promote the precipitation of sul- fide on it due to its high sulfur capacity, 15) few sulfides are observed co-existing with this kind of oxide. On the contrary, copper sulfides, like a patch or shell as shown in Fig.  10 , are frequently observed co-existing with the pure silicon oxide which is thought to have high melting point and low sulfur capacity and be not suitable to promote sulfide precipitation.
Sulfide Inclusion
Figure 11(a) shows an inclusion which is at the intersection point of several acicular ferrites. The EDS spectrum shows it is mainly iron sulfide. More EDS analysis of this kind of sulfide shows that the iron sulfide usually includes some Cu as shown in Fig. 11(d) . The Cu is found from the shell-like copper sulfide, which usually covers on the iron sulfide like a film as shown in Fig. 12 . The atomic ratio of Cu/S based on EDS spectra is among 0.98-1.31 and its mean value is about 1.15, which means that the copper sulfide may be CuS or a mixture of CuS and other kind of copper sulfide such as Cu 1.6 S or Cu 1.8 S.
A peak from phosphorus is also frequently observed accompanying with iron sulfide as shown in Fig. 13 . This peak seems not to be from the etching products, since this peak is seldom observed accompanying with oxide inclusions as shown in Fig. 9. 
EBSD Analysis of the Acicular Ferrite
Electron BackScattered Diffraction (EBSD) analysis also conducts on a LEO 1550 SEM to investigate the orientation of the acicular ferrite clusters. The sample for EBSD analysis is electronchemically polished. The analysis results © 2007 ISIJ show the acicular ferrite plates around the sulfide have similar or close orientation as shown in Figs. 14 and 15, which agrees with the report of Yang. 16) Yang investigated the orientation relationships between adjacent plates of acicular ferrite based on the analysis of the reciprocal lattice vectors observed in conventional selected area electron diffraction patterns. The clusters of acicular ferrite plates are observed to form in such a way that adjacent plates tend to have a similar orientation in space, which is thought that during sympathetic nucleation it is easier to form plates with approximately the same orientation.
Mechanisms of the Nucleation of Acicular Ferrite by Present Sulfides
A lot of similar phenomena that inclusion assists the nucleation of acicular ferrite have been reported during welding process, where the microstructure of weld metals and heat affected zones is known to be refined due to the formation of acicular ferrite nucleated by different inclusions and then the toughness of welds is improved. At least the following mechanisms have been proposed to explain acicular ferrite nucleation assisted by inclusions 5) : (1) Lattice matching, i.e. epitaxy between the ferrite and the inclusion surface, which reduces the interfacial en- ergy opposing nucleation.
(2) Chemical reaction and/or depletion of the austenite matrix local to the inclusion, which increases the thermodynamic driving force for transformation.
(3) Inclusions are inert substrates, i.e. nucleation is controlled by the size, shape and interfacial energy of the austenite/inclusion surface.
(4) Localized stress as a result of differential thermal contraction between the austenite matrix and the inclusion, which may promote nucleation on dislocations local to the inclusion surface and/or increase the driving force for transformation.
These different mechanisms are not mutually exclusive but depend on the nature of the nucleating phase and the prevailing transformation conditions. Several researchers [17] [18] [19] have concluded that evidence for inert substrates and localized stress effects alone is insufficient to adequately explain the relative nucleation potency of inclusions. On the other hand, it is difficult to discount the lattice matching mechanism and there is increasingly strong evidence for the chemical reaction and/or depletion idea. In present paper, the lattice matching as well as the chemical reaction and/or depletion zone adjacent to the inclusion will be discussed in detail.
Low Energy Interface Provided by Cu x S Sulfide
As shown in Figs. 10 and 11, copper sulfide is frequently observed coexisting with iron sulfide like a shell or film covered on the iron sulfide. Madariaga 20, 21) have reported the similar copper sulfide, which is precipitated on MnS particles like a layer, could enhance the nucleation of acicular ferrite in a medium carbon microalloyed steel. The sample are austenited for 45 min at 1 523 K in an inert argon atmosphere followed by direct quenching into a salt bath at 723 K for different times, followed by water quenching. The copper sulfide is identified as hexagonal CuS based on diffraction patterns. The low misfit between CuS and ferrite, which is lower than that between CuS and austenite as listed in Table 2 , is believed to provide a relatively low energy CuS/ferrite interface and then result in a reduction in the energetic barrier to nucleation at CuS particles.
But there are a lot of arguments for the crystal structure of copper sulfide and the role of copper sulfide in assisting the nucleation of acicular ferrite in steel. The diffraction patterns of the shell-like copper sulfide obtained by Nosach 22) in Bessemer type transformer steel indicate the presence of cubic Cu 9 S 5 , which may be the earliest report on the crystal structure of copper sulfide in steel. Dowling 23) also has reported copper-sulfur rich patch, similar to shell-like copper sulfide, on oxide inclusion in submerged arc welds in high strength low alloy steels. Diffraction patterns from TEM and STEM have indicated that the copper-sulfur rich patch has a cubic structure with lattice parameter in the range 0.55 to 0.59 nm. This value is believed consistent with the structure of Cu 2-x S, where 0ՅxՅ0.2, and CuS 2 . But no correlation was found between the amount of acicular ferrite in the weld and copper sulfide.
Recently Ishiguro 24) has investigated the copper sulfide in hot rolled ultra low carbon steel. The atomic ratio of Cu/S of film/shell-like copper sulfide is determined to be 1.8Ϯ0.3 by EDS, and the phase is determined to be Cu 8 S 5 (geerite, Cu 1.6 S) from X-Ray Diffraction (XRD) of the extracted precipitates. These film-like copper sulfides are also precipitated even during a short time in water quenching process.
Whether the copper sulfide is Cu 2 S, Cu 1.8 S or Cu 1.6 S, it has a low misfit with ferrite as shown in Table 3 . The copper sulfide observed in present sample has a Cu/S ration close to 1.15, which means it may be h.c.p. CuS or a mixture of CuS and other kind of copper sulfide such as Cu 1.6 S or Cu 1.8 S. As shown in Figs 6 and 7 , the shell-like copper sulfide is also frequently observed coexisting with silicon oxide. But very few acicular ferrites are observed nucleating on silicon oxide inclusions in present sample. It is then concluded that copper sulfide may be ineffective to nucleate acicular ferrite, or only the low energy interface provided by copper sulfide is not enough to nucleate the acicular ferrite in present sample.
Solute Element Depleted Zone around Sulfide
Solute element depleted zone, especially Mn-depleted zone, adjacent to the inclusions in the austenite matrix has been anticipated to be one of main reasons that inclusions could assist the nucleation of acicular ferrite. [25] [26] [27] [28] The Mndepleted zone may be caused by the chemical formation reaction of MnS, or absorption of Mn into the inclusion.
It has been observed that fast cooling promotes higher iron content in the sulfide phase, and during slow cooling the amount of FeS could decrease due to solid state diffusion of Mn from the matrix into the sulfide and of iron in the opposite direction. As a result, the matrix surrounding the sulfide phase is depleted in Mn during slow cooling and homogenization. 29) The Mn-depleted zone adjacent to FeS phase has been directly measured by several researchers. A synthetic FeS slag is embedded into various Mn-Fe alloys and the solid state reaction between them were studied at 1 373-1 723 K by Hisada. 30) Sulfides are formed in the alloys by sulfur transfer from slag to surrounding matrix, and Mn concentration in matrix decreased rapidly. For example, a Mn-depleted zone with width about 50 mm is observed in the matrix surrounding FeS slag in 0.7 % Mn-Fe alloy after annealing at 1 473 K for 1 h. Almost similar width Mn-depleted zone is also observed by Murty 29) in AISI 4340 steel when homogenized at 1 583 K for 2 h. Recently Shigesato 28) has investigated the Mn-depleted zone formed around MnS particles in austenite in transformation of acicular ferrite in low alloy steel subjected to simulated thermal cycle of weld HAZ. The sample, which is hold at 1 713 K for 4 s, is rapidly cooled (He gas) to 1 373 K and hold at that temperature for 100 S, and then rapidly cooled to 823 K for 30 s followed by rapidly cooling to room temperature. The sample for TEM observation is prepared by focused ion beam. Acicular ferrite is observed nucleating on the Al 2 O 3 -MnS-TiN inclusion. About 0.4 % Mn depletion is observed in an area about 50 nm adjacent to MnS particle.
The constitution of present sulfides is mainly FeS, including a little MnS and Cu x S. In addition, the cooling rate for present sample on solidification and high temperature range is quite fast, but with temperature dropping it decreases gradually. It seems no doubt that a Mn-depleted zone will form around the FeS particle during cooling in present sample. This Mn-depleted zone may have wider area and higher Mn depletion compared to the Mn-depleted zone formed around MnS particle. Both of the Mn-depleted zones are formed due to formation of MnS, but in the later case the formation of MnS is due to supersaturation of Mn and S in steel at low temperature (Eq. (1)); while in the former case it is mainly due to a replacement reaction (Eq. (2)). 
Solute Element Rich Zone around Sulfide
As discussed above, Mn-depleted zone is though to be one of the main reasons that the present sulfide could nucleate acicular ferrite. Mn-depleted zone could play such role since Mn is an austenite stabilization element. In Mn-depleted zone, the austenite/ferrite transformation temperature is increased and then transformation could start at higher temperature. People have paid a lot of attention on element-depleted zone, such as Mn-depleted zone, B-depleted zone and C-depleted zone, but surprising little attention has been paid on the element-rich zone. For example, phosphorus, which is a strong ferrite stabilization element, is easily to segregate to interface such as grain boundary and the one between particle and matrix. Then a P-rich zone may be formed in the matrix adjacent to the inclusion. The local austenite/ferrite transformation temperature around the inclusion is also increased and P-rich zone might also assist the nucleation of acicular ferrite in steel.
As shown in Figs. 6 and 13, a peak from phosphorus is frequently observed accompanying with iron sulfide. Such phosphorus seems not etch product because very few phosphorus is observed accompanying with oxide inclusion as shown in Fig. 9 . That difference may be due to the different segregation behavior of phosphorus to the sulfide/iron and oxide/iron interfaces or different dissolution behavior of phosphorus in sulfide and oxide. As shown in Fig. 13 , phosphorus is not only detected at the edge of the sulfide but also weakly at the center of the sulfide. It seems possible that phosphorus is dissolved in iron sulfide at high temperature and released from the sulfide to the matrix at low temperature although it is lack of experimental proof now.
Kluken 31) has investigated the kinetics of austenite formation and decomposition during reheating of submerged arc steel weld metals. The transformation behavior of reheated steel weld metals is mainly controlled by the concentration of phosphorus at the prior columnar austenite grain boundaries during solidification due to the associated effect of phosphorus on the Ac 3 temperature. It should be pointed out that the prior columnar austenite grain boundary is not the prior austenite grain boundary. The former is formed on solidification or just after the d/g transformation. The latter is the successor of the former but usually not at the exact sites of the former. The latter is the austenite grain boundary just before g/a transformation. Due to the extensive phosphorus segregation, the prior columnar austenite grain boundaries could act as preferential nucleation sites for polygonal ferrite and acicular ferrite.
Umezawa 32) and Yoshida 33) have also reported the similar effect of phosphorus on the alpha ferrite formation in ascast strip casting and conventional continuously casting steel. The sites rich in phosphorus are observed to be better place for alpha ferrite formation due to the effect of phosphorus on the local transformation temperature.
In a recent paper by present authors, 34) the interaction between the microsegragation of phosphorus and sulfide precipitation has been investigated in copper bearing low carbon steel. Phosphorus could retard the sulfide precipitation at high temperature, promotes more copper bearings and smaller sulfides precipitation at low temperature. On the other hand, sulfide precipitates are shown to reduce the micro-segregation degree of phosphorus in steel, which may be because some phosphorus dissolves in sulfide and sulfide particles provide more interfaces for phosphorus to distribute.
Phosphorus also has great effect on the interface energy such as surface energy and grain boundary energy in iron as shown in Table 4 . 35) Phosphorus has higher influence on the grain boundary energy in delta iron compared with that in gamma iron. In addition, for the same concentration of phosphorus in iron, the grain boundary energy in delta iron is lower than that in gamma iron. That means phosphorus may also have the similar influence on the interface energies between particle/ferrite and particle/austenite if phosphorus segregates to such interfaces. This may also promote the nucleation of acicular ferrite on the inclusion since the interface energy between particle/ferrite is lower than that between particle/austenite.
Unfortunately, these are few research works on the segregation of phosphorus to the interface between inclusion and iron matrix, to say nothing of the richness degree and the existing state of phosphorus at the interface as well as the interface energy between particles/ferrite and particle/ austenite. But it may also be one of the main reasons that present iron sulfide could nucleate the acicular ferrite.
Conclusion
Acicular ferrite nucleated on inclusion particles has been investigated during rapid solidification process in low carbon steel without special alloy elements. The findings are summarized as followings:
(1) Complex Mn-Fe-Si-O oxide and almost pure silicon oxide are observed, and they are ineffective on acicular ferrite nucleation in present process. On the other hand, iron sulfide particles including a little concentration of manganese and copper are effective on acicular ferrite nucleation in present process.
(2) Film-like copper sulfide particles are frequently observed co-existing with silicon oxide and iron sulfide inclusions. It is concluded that copper sulfide may be ineffective to nucleate acicular ferrite, or only the low energy interface provided by copper sulfide is not enough to nucleate the acicular ferrite in present sample.
(3) Phosphorus is frequently observed co-existing with iron sulfide inclusion while not with oxide inclusions. The possible Mn-depleted zone and P-rich zone around iron sulfide inclusion in iron matrix are concluded to be two of the main reasons that present iron sulfide could nucleate acicular ferrite.
